ABSTRACT Wide angle x-ray scattering (WAXS) from oriented lipid multilayers is used to examine liquid-ordered (Lo)/liquiddisordered (Ld) phase coexistence in the system 1,2-dioleoyl-sn-glycero-3-phosphocholine/1,2-dipalmitoyl-sn-glycero-3-phosphocholine/cholesterol (DOPC/DPPC/Chol), which is a model for the outer leaflet of the animal cell plasma membrane. Using the method of analysis developed in the accompanying work, we find that two orientational distributions are necessary to fit the WAXS data at lower temperatures, whereas only one distribution is needed at temperatures higher than the miscibility transition temperature, T mix ¼ 25-35°C (for 1:1 DOPC/DPPC with 15%, 20%, 25%, and 30% Chol). We propose that the necessity for two distributions is a criterion for coexistence of Lo domains with a high S x-ray order parameter and Ld domains with a lower order parameter. This criterion is capable of detecting coexistence of small domains or rafts that the conventional x-ray criterion of two lamellar D spacings may not. Our T mix values tend to be slightly larger than published NMR results and microscopy results when the fluorescence probe artifact is considered. This is consistent with the sensitivity of WAXS to very short time and length scales, which makes it more capable of detecting small, short-lived domains that are likely close to T mix .
INTRODUCTION
A wealth of research has indicated that cell membrane ''rafts'', small domains containing cholesterol and rich in sphingolipids, provide platforms for protein and lipid sorting and play important roles in cellular processes such as signal transduction and membrane transport (1) (2) (3) . Detection of these lipid domains in cells relies on indirect methods such as detergent extraction and cholesterol depletion because they are too small to be observed with optical microscopy (4). Although cell membrane rafts are not easily visualized, macroscopic liquid-liquid phase separation has been observed with optical microscopy in models of the outer leaflet of the plasma membrane, consisting of ternary mixtures of cholesterol, sphingomyelin or a saturated phospholipid, and an unsaturated phospholipid (5) .
In these model membranes, liquid-ordered (Lo) domains, containing cholesterol and rich in saturated lipid, separate from liquid-disordered (Ld) domains, rich in unsaturated lipid. The Lo domains in model membranes have been linked to the detergent-resistant fractions in cell membranes, but the exact relationship between liquid-liquid phase coexistence in model membranes and rafts in cell membranes remains unclear (6) (7) (8) . However, several theories have linked macroscopic lipid domains observed in model systems to submicroscopic rafts in the cell membrane. These include confinement of nanoscopic lipid microenvironments by corrals in the cytoskeleton network (9) and nanoscale fluctuating lipid domains at physiological temperature (10) , which is generally above the temperatures at which macroscopic phase coexistence is observed in model systems. Therefore, techniques which are capable of detecting submicroscopic domains in model membranes may prove particularly valuable for understanding the physical origin and behavior of membrane rafts in vivo.
Since the observation of macroscopic liquid-liquid coexistence in giant unilamellar vesicles composed of 1:1:1 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/brain sphingomyelin (BSM)/Chol by fluorescence microscopy (11), many experimenters have used this technique to examine Ld-Lo phase coexistence in model membrane systems. However, based on the observation of only a single lamellar repeat in x-ray data for multilamellar vesicles (MLVs) composed of 1:1:1 DOPC/BSM/Chol, it was concluded that x-ray scattering showed no evidence of phase separation in this system (12) . This discrepancy between x-ray and fluorescence microscopy results is particularly relevant at this time because of recent work documenting artifacts caused by fluorescent probes in model membrane systems (13) (14) (15) .
In addition to fluorescence microscopy, many other common methods for investigating phase coexistence in model membranes, including fluorescence resonance energy transfer (16) and electron spin resonance (17, 18) , require potentially perturbing probe molecules. The use of probe-free methods for detecting phase coexistence in model membranes, particularly biologically relevant liquid-liquid coexistence in ternary mixtures, is relatively limited. Although double lamellar repeats have not been observed in 1:1:1 DOPC/BSM/Chol (12), double lamellar repeats have been observed in DOPC/1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)/Chol mixtures using x-ray scattering from MLVs (19) and aligned multilayers (20) . Liquid-liquid phase coexistence has been investigated in DOPC/DPPC-d62/Chol mixtures using 2 H-NMR (10, 21) , small angle neutron scattering (22) , and coherent anti-Stokes Raman scattering microscopy (23) . Improved 1 H-NMR techniques have been used to detect Ld-Lo coexistence in ternary mixtures without isotopic labeling (24, 25) . Calorimetry has been used to study phase coexistence in binary lipid/Chol mixtures (26) , although investigators disagree on its interpretation (27) . Accurately and completely mapping complicated ternary phase diagrams requires several techniques sensitive to different physical properties (28) , and so another reliable probe-free method, such as x-ray scattering, for detecting liquid-liquid phase coexistence in such systems would be of value.
Two well-known criteria for observing phase coexistence via x-ray scattering are 1), the existence of two lamellar repeat (D) spacings in low/small angle x-ray scattering (LAXS/ SAXS) data, and 2), two chain-chain correlation (d) spacings in wide angle x-ray scattering (WAXS) data. Since chain ordering is one of the fundamental features that distinguishes the different lamellar phases, WAXS is useful because it directly probes chain correlations. As gel phases are characterized by sharp WAXS peaks at d ; 4.2 Å and fluid phases are characterized by broad wide angle scattering with d ; 4.5 Å , gel-fluid coexistence can be determined by two nonoverlapping d spacings (criterion 2). Because Ld and Lo phases are characterized by broad, fluid-like bands, we expect the WAXS peaks to overlap. However, oriented WAXS images contain additional information about chain orientational order not available from unoriented samples (29, 30) . Using an approach first applied to lipid multilayers by Levine and Wilkins (29) , in the accompanying work (31) we show that the angular distribution (f, as defined in Mills et al. (31) ) of scattering can be analyzed to obtain orientational order parameters (S x-ray ) for liquid-phase samples. For more ordered phases, the angular distribution of scattering is narrower. We show that we can deconvolute I(f) data into scattering from two separate chain distributions with different order parameters, thereby providing a third, and what we believe is a new x-ray criterion for observing phase coexistence. All the criteria are listed in Table 1 , which also lists many properties to be explained in detail later.
DOPC/DPPC/Chol is a good test system, as its phase diagram has been reported using both fluorescence microscopy (32) and 2 H-NMR (10, 21) . We compare our new method (criterion 3) with our x-ray results for the miscibility transition temperature T mix obtained using criterion 1 (double Ds) as well as a refinement of criterion 2 (double ds). We then compare our x-ray results with T mix results from 2 H-NMR (10) and from fluorescence microscopy (32) . Overall, the x-ray, NMR, and fluorescence results agree but exhibit small differences that may result from fluorescent probe artifacts and limitations in the length scales probed (more than ;1 mm for microscopy and more than ;20 nm for 2 H-NMR). WAXS is probe-free and detects down to molecular length scales, which may prove advantageous for detecting small domains. To analyze the WAXS data to obtain information about the chain orientational distribution, we follow the approach of Levine and Wilkins (29) described in the accompanying work (31) , which models the angular I(f) distribution of scattering as originating from grains, each oriented at an angle b to the membrane normal. If the sample is in a single phase, a single orientational distribution f(b) should describe the system. The fitting equation for the I(f) data, assuming a single Maier-Saupe orientational distribution, is given in the accompanying work (see Eq. 4 in Mills et al. (31) ). If there is phase coexistence between a disordered and a more ordered phase (i.e., Ld-Lo coexistence in ternary mixtures), the system may require two distribution functions to fit the data: 
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where P 1 and P 2 are the fraction of each phase, Z 1 and Z 2 are normalization constants, and m 1 and m 2 are positive parameters which determine the width of the orientational distribution. Larger m corresponds to a narrower distribution with greater orientational order. The fitting equation is
where D is Dawson's integral, I 0 is the modified Bessel function of the first kind, and the five fitting parameters are the constant background I back , C 1 and m 1 for phase 1, and C 2 and m 2 for phase 2. The parameters C 1 and C 2 are proportional to the amount of sample, beam intensity, and length of exposure. A problem with interpreting
as true phase fractions is that the model assumes all the wide angle scattering results from chain-chain interactions. However, in addition to phospholipid-phospholipid scattering, cholesterol-cholesterol and cholesterol-phospholipid scattering also contribute to the total scattering observed, and so we resist overinterpreting the quantities P 1 and P 2 , especially when phases in the sample have different amounts of cholesterol. Two order parameters S x-ray ¼ 3AEcos 2 bae=2 À 1=2; each corresponding to one of the two phases, are calculated from m 1 and m 2 . In the rest of the work, we refer to Eq. 4 from Mills et al. (31) as the single-order parameter fit and to Eq. 2 as the double-order parameter fit.
Although the double-order parameter fit always describes the data as well as or better than the single-order parameter fit because it has more fitting parameters (5 vs. 3), the double-order parameter fit was rejected if either 1. the single-order parameter fit was reasonable, i.e., if the residual plot was random and the background-subtracted data remained positive, or 2. any of the fitting parameters for the double-order parameter fit had an uncertainty on the same order as the value of the parameter (see also the Supplementary Material, Data S1).
Both the data and fits shown in this work were normalized by first subtracting I back and then dividing by C (for the single-order parameter fit) or C 1 1 C 2 (for the double-order parameter fit). Normalizing in this way reveals if the background-subtracted data are unphysically negative.
Sample preparation, equilibration, and hydration are all factors which can affect phase behavior (discussed further in the Supplementary Material, Data S2). As described in the accompanying work (31) , all the oriented and MLV samples were annealed in a hydrated state at ;65°C for 4-8 h to ensure the mixing of the lipid components and then slowly cooled over the course of ;8 h to allow the system time to equilibrate at lower temperature.
Considerable care is required to fully hydrate oriented samples without depositing a layer of excess water (flooding). As flooding partially obscures the lipid WAXS peak, the oriented WAXS data reported here are for samples within 5 Å of the fully hydrated D spacing (31) . Data were also collected from oriented samples at full hydration. The choice between the single-or double-order parameter fit was independent of whether the samples were fully hydrated or within 5 Å of full hydration; but the flooded sample data were noisy, and fits resulted in larger uncertainties in the fitting parameters.
The existence of two lamellar repeat spacings is evidence of two coexisting phases, but insufficient time for hydration and temperature equilibration can also cause transient double lamellar repeats. Before being loaded into capillaries, our MLV samples (with 5:1-10:1 (v/v) water/lipid) were temperature-cycled (three cycles between À20°C and 65°C with mechanical mixing) and annealed at 65°C and slowly cooled to room temperature at 2°C/h. For the ternary mixtures, x-ray scattering data were first collected from the capillary samples at 15°C. After increasing the temperature in 5°C steps to 45°C (above the melting temperature of DPPC), the samples were cycled back down to 15°C in 5°C steps. At each temperature step, samples were equilibrated for at least 30 min before data collection. In all cases, only a single D spacing was observed at 45°C. At lower temperatures, the observation of double D spacings was reproducible between the heating and cooling cycles. The values of the D spacings varied by no more than 0.3 Å between the heating and cooling cycles, confirming that the double D spacings in our samples are due to equilibrium phase separation. Fig. 1 A shows oriented sample WAXS images and the corresponding I(q) plots for a binary mixture reported to have coexisting gel and fluid domains by fluorescence methods (32, 33) . Gel-fluid coexistence is evident in Fig. 1 A from the sharp peak at q ¼ 1.
RESULTS AND DISCUSSION
, which is characteristic of a gel phase, and a broad peak at q ; 1.4 Å À1 (d ; 4.5 Å ), which is characteristic of a fluid phase. Fig. 1 B shows WAXS images and the corresponding I(q) plots for a ternary mixture reported by fluorescence microscopy (32) and NMR (10) to have coexisting Ld and Lo domains below the miscibility transition temperature, T mix . In contrast to Fig. 1 A, two wide angle d spacings are not obvious in Fig. 1 B, which is expected, as both the Ld and Lo phases are characterized by broad, diffuse bands due to fluid-like positional disorder.
In unoriented WAXS data, gel-fluid coexistence can be detected based on two separated peaks, but liquid-liquid coexistence cannot be identified because of overlap of the broad scattering from the Ld and Lo phases. Fig. 1 C shows data for the same ternary mixture as in Fig. 1 B, but in a single Ld phase above T mix . However, it is not obvious from a comparison of Fig. 1 C and Fig. 1 B that one is in a single phase and the other is phase separated. Oriented WAXS data of the type shown in Fig. 1 , B and C, were typical for all the ternary mixtures we studied: 1:1 DOPC/DPPC 1 15%, 20%, 25%, and 30% Chol. The I(q) plots in Fig. 1 , B and C, show that these samples are liquid-like because the peak has a large halfwidth at half-maximum (HWHM; ;0.16 Å À1 ), similar to liquid phase DOPC/Chol and DPPC/Chol mixtures (31) . The angular (f, as defined in Fig. 1 C) distribution of scattering in oriented WAXS data gives additional information, which we explore in this work in regard to liquid-liquid phase coexistence.
Oriented WAXS data provide evidence of liquid-liquid phase coexistence in ternary mixtures
Fits to I(f) data Fig. 2 shows the normalized I(f) plots with fits assuming one order parameter in A and two order parameters in B (using Eq.
2) for the mixture 1:1 DOPC/DPPC 1 15% Chol. For T $ 35°C, the data were well fit with one order parameter which, by our criterion 3, indicates a single phase. (The double-order parameter fits are not shown for 40°C and 45°C because they gave the same value, to within 0.01, for both order parameters.) For T # 30°C, the single-order parameter fit can clearly be rejected for the two reasons given in Materials and Methods; this was also the case for other ternary mixtures we studied. According to our new x-ray criterion 3 for phase coexistence, the necessity for a double-order parameter fit indicates liquid-liquid phase coexistence for T # 30°C and a single phase for T $ 35°C; so the T mix value for 1:1 DOPC/ DPPC 1 15% Chol falls between 30°C and 35°C. (Data S1 in the Supplementary Material contains more details about data fitting and error analysis.)
We note that criterion 3 depends upon the choice of the f(b) orientational distribution. Although the Maier-Saupe distribution works well to describe the scattering from many liquid crystalline systems, other distributions could sometimes be more appropriate (34) , and so it is important to establish that a single Maier-Saupe distribution fits the data when the sample is known to have a single phase. Our interpretation that a poor single-order parameter fit is evidence of phase coexistence is therefore supported by the observation that these ternary mixtures for T $ 35°C and the singlephase DOPC/Chol and DPPC/Chol mixtures (31) are all well fitted by a single Maier-Saupe distribution.
WAXS peak position as a function of f Fig. 3 shows the value q 0 of the maximum in the WAXS intensity as a function of f for 1:1 DOPC/DPPC 1 15% Chol at 15°C, 25°C, 35°C, and 45°C. For samples known to be in a single phase (fluid-phase DOPC or DPPC), the q 0 (f) data are similar to the 35°C and 45°C data in Fig. 3 : as a function of f, q 0 monotonically increases because the isotropic water peak at q ; 2.0 Å À1 is a larger fraction of the scattering at larger f (see Data Supplement 3 in Mills et al. (31) ). However, for 1:1 DOPC/DPPC 1 15% Chol at T # 30°C, q 0 decreases as a function of f up to f ; 20°and then begins to increase. Similar behavior was observed for all the ternary mixtures studied. The observation of a minimum in the q 0 (f) data at temperatures of 30°C and below correlates well with criterion 3 in the previous subsection. Although the q 0 (f) behavior does not provide additional information about the coexisting phases (such as order parameters from the I(f) plots), it may be a useful model-independent criterion for detecting liquidliquid phase coexistence using WAXS from oriented samples. We henceforth call this criterion 2b in Table 1 and the previous criterion 2 is criterion 2a. Criterion 2b also uses the q dependence of the intensity maxima as in criterion 2a, but in a more subtle way that uses the f-dependence rather than just relying on two d values. We note that criterion 2b obviously requires oriented samples, whereas criterion 2a may not.
Observation of a minimum in a q 0 (f) plot requires the assumption that q 0 is smaller for the Ld phase than for the Lo phase; this appears to be the case for the DOPC/DPPC/Chol mixtures studied, but may not necessarily be true for all ternary mixtures (see the Supplementary Material, Data S3, for a discussion of the plausibility of this assumption). On the other hand, if q 0 is larger for the Ld phase than for the Lo phase, q 0 will monotonically increase as a function of f as in single-phase samples. Therefore, criterion 2b may give a false negative for phase coexistence and should not supersede criterion 3. Fig. 4 shows the lamellar repeat data for MLVs composed of 1:1 DOPC/DPPC with 15% and 30% Chol. For 1:1 DOPC/ DPPC 1 15% Chol (Fig. 4 A) , two peaks corresponding to two lamellar D spacings are clearly resolvable in the secondorder reflection for T # 30°C. (Second-order data are better resolved compared with first-order data (not shown), and higher order peaks are difficult to observe.) For 1:1 DOPC/ DPPC 1 30% Chol (Fig. 4 B) , two peaks are resolvable for T # 20°C, although at 25°C there is a broad shoulder on the right-hand side of the single peak. Data S2 in the Supplementary Material includes a comparison of our D spacing data to previous reports (19, 20) of double Ds in DOPC/ DPPC/Chol mixtures. Our larger D spacings (see Table S2 .1 in Data S2) indicate that the samples in these other studies were less than fully hydrated, which may affect phase behavior (discussed further in Data S2). Although reaching full hydration of aligned multilayers even under nominal 100% relative humidity conditions, as used in Karmakar et al. (20) , is a challenge, the samples used in Chen et al. (19) were MLVs in excess water.
Lamellar repeat data for ternary mixtures
In contrast to DOPC/DPPC/Chol, only one D spacing was reported for 1:1:1 DOPC/BSM/Chol (12), a mixture which has been called the ''canonical raft mixture''. This mixture is close to a phase boundary, and so a small uncertainty in the lipid ratio could have caused the mixture to be outside the two-phase region (35) . The mixture 1:1 DOPC/BSM 1 20% Chol was suggested as a better choice for such experiments because it is well within a two-phase region at 25°C (35) . However, our x-ray scattering results for an MLV sample of 1:1 DOPC/BSM 1 20% Chol also have only one D ¼ 69.7 Å at 25°C (data not shown).
We also observe only one D for 1:1 DOPC/DPPC at 25°C (D ¼ 63.2 Å for MLVs) in both fully hydrated unoriented MLV samples and oriented samples. This mixture is known to exhibit gel-fluid coexistence (32, 33) ; in addition, our WAXS data clearly show two wide angle peaks for this sample (see Fig. 1 A) . On the other hand, two D spacings were reported for 1:1 DOPC/BSM at 25°C (12) , which also separates into gel and fluid phases. Clearly, relying on lamellar repeat spacings to determine the absence of phase coexistence can be misleading.
To see two lamellar repeat spacings, the following conditions must be met:
1. The D spacings must be different enough for the peaks to be resolved.
2. The Lo (or Ld) domains must be aligned with the Lo (or Ld) domains across the water layer in the neighboring bilayers. Fig. 5 A shows that alignment of domains across many bilayers leads to packing frustration (12) , particularly if the two lamellar repeat spacings are very different. The system could relieve strain by organizing as shown in Fig. 5 B, in which case an average D spacing would be observed. In Fig.  5 A, the phase separation is three dimensional, whereas in Fig. 5 B the phase separation is two dimensional, as it occurs within single bilayers. Lipid type, lipid purity, and sample preparation may all affect whether the two conditions are met. For example, pure DOPC and pure DPPC have very similar D spacings at 25°C (D ; 63-64 Å ), providing a possible explanation for why two Ds were not resolvable in 1:1 DOPC/DPPC.
Comparison of x-ray criteria for detecting phase coexistence Table 1 summarizes the criteria for phase coexistence based on the x-ray scattering data discussed above. Although double Ds (criterion 1) provide clear evidence of phase coexistence, the absence of two D spacings does not imply the absence of phase coexistence. Criterion 2 (double ds) is separated into parts 2a and 2b; 2b is described in the section ''WAXS peak position as a function of f''. Criterion 2a can in principle be applied to both oriented and unoriented samples, but in practice the fluid-phase WAXS peak can be obscured in unoriented samples with gel-fluid coexistence (for example, see Fig. 3 in Chen et al. (19) ). We suggest that criterion 3, described in the section ''Fits to I(f) data'', may be the best for liquid-liquid coexistence, but we reiterate from the accompanying work (31) that it should not be applied to gel-fluid coexistence. Fig. 6 shows S x-ray results and lamellar repeat results for the four ternary mixtures studied. For a given temperature, phase coexistence is indicated by two different values of S x-ray (criterion 3) or two lamellar D spacings (criterion 1). The Each data point represents a Df ¼ 5°r ange, with the data point plotted at the start value. The 20°C and 30°C data also had a dip at small f, whereas the 40°C data were monotonically increasing. In each plot, the error bars, which are shown only on the first data point, are the same magnitude for the rest of the data points. assignment of the larger D to the Lo phase was based on the trend in D as cholesterol concentration was varied in binary mixtures with DPPC or with DOPC and on the assumption of nearly horizontal tie lines in the liquid-liquid coexistence region (10) . According to criterion 3, T mix is between 30°C and 35°C for all four ternary mixtures. For the mixtures studied, criterion 2b was always consistent with criterion 3, and so we can assign a single miscibility temperature T WAXS mix . For 1:1 DOPC/DPPC with 25% and 30% Chol, there is a single lamellar repeat at temperatures with two S x-ray values. As discussed in the previous section, the absence of two lamellar repeats does not imply a single phase.
WAXS measures correlations over molecular length scales. Assuming a Lorentzian lineshape, the correlation length given by j ¼ 1/HWHM is j ; 6 Å for fluid-phase WAXS peaks. In contrast, lamellar scattering results from correlations over several bilayers at least, each with D ; 60 Å . In principle, the correlation length in the direction of the membrane normal can be calculated from the width of the lamellar peaks using the Scherrer equation (36) . The data shown in Fig. 4 were resolution limited, allowing assignment of only a lower limit on the correlation length of ;800 Å , or ;13 lipid bilayers in correlated stacks. The requirement that bilayers be aligned to observe lamellar peaks means that the sample must be phase-separated in three dimensions to see two D spacings (12) . In contrast, WAXS scattering from well-hydrated samples is incoherent between different bilayers, even in gel phases. It therefore detects only the behavior of single bilayers, including two-dimensional phase separation within single bilayers. The oriented WAXS methods (criteria 3 and 2b) may be more reliable than the SAXS method (criterion 1) for detecting liquid-liquid phase coexistence by giving fewer false negatives because WAXS is intrinsically capable of detecting small domains because of its short correlation length.
Comparison of WAXS results to NMR and fluorescence microscopy Fig. 6 compares our values of S x-ray to S NMR ¼ 2AEjS CD jae from 2 H-NMR data (10).
2 H-NMR first moments (M 1 ) were converted to S NMR using Eq. 11 in Ipsen et al. (37) . The S x-ray values tend to be larger than the S NMR values. This was also the case for DPPC/Chol mixtures at 45°C (31) . S x-ray and S NMR do not report exactly the same physical quantity, and so they should not necessarily have the same value (31) .
The miscibility transition temperatures, T (32) . An offset of 12.5°C has been added to the 2 H-NMR temperatures, reflecting the lower melting temperature of DPPC-d62 compared with DPPC. For many of the S x-ray data points, the error bars (determined from uncertainties in the fits) are smaller than the symbols. Uncertainties in lamellar repeats are 60.5 Å .
dye artifact-corrected T Fluor mix for these samples. We next consider why this is plausible.
When comparing T mix values, we must consider the effect of differences in averaging between 2 H-NMR and x-ray methods (38) . The 2 H-NMR data reflect the environment experienced by individual molecules averaged over the characteristic time for spin decay (microsecond timescale). Because each molecule diffuses during this time, if individual domains are smaller than 20 nm, the 2 H-NMR signal will be averaged (39) . In contrast, an x-ray image is a spatial average of very fast snapshots (subpicosecond) of the state of the system, so diffusive motion is not significant. In principle, then, WAXS can detect spatial heterogeneities that have too short a length scale to be seen by NMR. Since the length scale of spatial heterogeneities typically decreases with increasing temperature, one might expect WAXS to detect small scale heterogeneities at higher temperatures than NMR and dyecorrected fluorescence. Indeed, T WAXS mix was higher than T NMR mix for half our ternary mixtures.
CONCLUSIONS
We have developed what we believe is a new x-ray scattering criterion to detect phase coexistence in lipid bilayer mixtures. Fits to the WAXS I(f) data suggest the presence of liquidliquid coexistence in ternary mixtures of DOPC, DPPC, and cholesterol. Our results are in good agreement with 2 H-NMR and fluorescence microscopy, suggesting that our method of determining if two order parameters are necessary to fit the WAXS data is a valid way to decide if a mixture is phaseseparated into two fluid phases. Due to the complexity of ternary phase diagrams, multiple techniques are required to fully characterize the phase behavior. WAXS also provides a tool for studying orientational and positional order in such systems.
WAXS is sensitive to molecular (;6 Å ) length scales and averages over a very fast timescale, making it particularly suitable for detecting nanoscale lipid domains in single bilayers, which may be most relevant to cell membrane rafts. In contrast, the conventional observation of two lamellar D spacings requires the larger length scale alignment of domains across several bilayers, which can lead to packing frustration and false negative diagnosis of phase separation. The small length scale of WAXS is also an advantage compared to fluorescence microscopy (;1-mm-length scale), which has the added complication of requiring potentially perturbing dye.
2 H-NMR is subject to microsecond time averaging, which limits detectable domain size to tens of nanometers. In contrast, the length and timescales for WAXS are much shorter.
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